A dimeric alamethicin analog with lysine at position 18 in the sequence (alm-K18) was previously shown to form stable anion-selective channels in membranes at pH 7.0 [Starostin, A. V., R. Butan, V. Borisenko, D. A. James, H. Wenschuh, M. S. Sansom, and G. A. Woolley. 1999. Biochemistry. 38:6144 -6150]. To probe the charge state of the conducting channel and how this might influence cation versus anion selectivity, we performed a series of single-channel selectivity measurements at different pH values. At pH 7.0 and below, only anion-selective channels were found with P K ϩ/P Cl Ϫ ϭ 0.25. From pH 8 -10, a mixture of anion-selective, non-selective, and cation-selective channels was found. At pH Ͼ 11 only cation-selective channels were found with P K ϩ/P Cl Ϫ ϭ 4. In contrast, native alamethicin-Q18 channels (with Gln in place of Lys at position 18) were cation-selective (P K ϩ/P Cl Ϫ ϭ 4) at all pH values. Continuum electrostatics calculations were then carried out using an octameric model of the alm-K18 channel embedded in a low dielectric slab to simulate a membrane. Although the calculations can account for the apparent pK a of the channel, they fail to correctly predict the degree of selectivity. Although a switch from cation-to anion-selectivity as the channel becomes protonated is indicated, the degree of anion-selectivity is severely overestimated, suggesting that the continuum approach does not adequately represent some aspect of the electrostatics of permeation in these channels. Side-chain conformational changes upon protonation, conformational changes, and deprotonation caused by permeating cations and counterion binding by lysine residues upon protonation are considered as possible sources of the overestimation.
INTRODUCTION
Selectivity in ion channels must arise as a consequence of the energetics and kinetics of interactions among the ions, the channel, and water. Recent progress in the determination of channel structures has provided some insight into the origins of cation-selectivity in channels (Doyle et al., 1998; Moczydlowski, 1998) . As yet, however, no anion-selective channel structures have been determined at high resolution [although, see Malashkevich et al. (1996) for an intriguing possible motif]. Although an anion-selectivity-determining primary sequence motif has been proposed (Fahlke et al., 1997) and residues critical for anion-selectivity have been identified in several systems (Cescatti et al., 1991; Corringer et al., 1999; Guinamard and Akabas, 1999; Hancock and Benz, 1986; Van Gelder et al., 1997; Wang et al., 1999) the physical origins of anion-selectivity remain unclear.
It has been suggested that the polypeptide backbone of proteins may act as an anion-selectivity filter (Corringer et al., 1999; Tabcharani et al., 1997) . This would presumably involve interaction of anions with the positive end of backbone amide dipoles and the substitution of water-anion H-bonding by anion-NH (backbone) H-bonding. Halide complexation via H-bonding has been demonstrated in artificial receptors in nonaqueous solvents (Bell, 1998; Boerrigter et al., 1998) . However, thermodynamic data indicate the transfer of K ϩ from water to formamide (a model of the polypeptide backbone that is capable of H-bonding) is a favorable process (⌬G ϭ Ϫ4 kJ/mol, ⌬H ϭ Ϫ17.9 kJ/mol), whereas transfer of Cl Ϫ is unfavorable (⌬G ϭ ϩ14 kJ/mol, ⌬H ϭ ϩ3.5 kJ/mol) (Cox et al., 1974; Dorman et al., 1996; Marcus, 1997) . Thus, if backbone interactions are responsible for anion versus cation (i.e., charge-selectivity), the carbonyl oxygen atoms of the backbone must presumably be sequestered by the structure of the selectivity filter to prevent their interaction with cations.
The literature of molecular recognition is replete with examples where cation/anion selectivity is accomplished via electrostatic interactions (Schmidtchen and Berger, 1997) . These interactions are pH-sensitive, can occur without dehydration of the ions, and are relatively insensitive to the detailed three-dimensional structure of the groups involved. In proteins, lysine, arginine, and histidine residues are obvious candidates for electrostatic selectivity determinants. Several anion-binding sites on proteins have been structurally characterized and have been found to contain these residues (Lanyi et al., 1990; Perutz et al., 1994) . In the cystic fibrosis transmembrane conductance-regulator chlo-ride channel, for instance, Arg-352 has been shown to be a major determinant of cation/anion selectivity (Guinamard and Akabas, 1999) . pH-dependent changes in channel cation/anion selectivity have been attributed to lysine residues in channels formed by ␣-toxin (Cescatti et al., 1991) and the porin PhoE (Darveau et al., 1984) . Indeed, electrostatic cation/anion selectivity mechanisms appear to operate in a variety of porin channels (Dutzler et al., 1999; Hancock and Benz, 1986; Karshikoff et al., 1994; Schmid et al., 1998) , the voltage-dependent anion channel of mitochondria (Bowen et al., 1985) , and, to some extent, in the nicotinic acetylcholine receptor channel family (Wang et al., 1999) .
We have focused on understanding the cation/anion selectivity properties of the relatively simple channel formed by the peptide alamethicin (Cafiso, 1994; Sansom, 1993a) . Alamethicin channels are helix bundles composed of membrane-spanning peptides arranged in parallel (Woolley and Wallace, 1992) . We have argued previously that the cation/ anion selectivity of alamethicin channels is likely to be dominated by long-range electrostatic interactions (Levitt, 1991a,b) . Such interactions can be described by a Poisson-Boltzmann model (Honig and Nicholls, 1995; Warshel and Papazyan, 1998; Weetman et al., 1997) .
Numerical solutions of the Poisson-Boltzmann equation can provide a calculated electrostatic energy profile for a cation (or anion) along a trajectory through the pore, if a suitable structural model of the pore is available (Dieckmann et al., 1999; Karshikoff et al., 1994; Sansom, 1998) . Detailed structural models of the alamethicin channel have been developed previously You et al., 1996) . Calculations using these models identified electrostatic features that might act as a source of cation/anion selectivity and led to the design of an alamethicin analog with a lysine residue at position 18 that was predicted to show anion-selectivity. Microscopic (single-channel) measurements showed that alm-K18 channels had reversed cation/anion selectivity when compared to native (alm-Q18) channels at pH 7.0 (Starostin et al., 1999) .
Although an isolated lysine residue is expected to have a pK a of ϳ10.5 and so is expected to be protonated at pH 7, it is not clear to what extent a ring of lysine residues in a helix bundle channel will be protonated at neutral pH. Because the degree of protonation is expected to affect the cation/anion selectivity of the channel, it was of interest to examine the pH-dependence of channels formed by alm-K18 peptides. We investigated the cation/anion selectivity of channels formed by alm-K18 dimers as a function of pH by making single-channel measurements of reversal potentials in a KCl gradient. In addition, macroscopic measurements of the pH-dependence of channel formation in symmetrical KCl solutions were carried out. Finally the charge state of the channels was examined theoretically by carrying out electrostatic calculations to estimate pK a of the lysines in model structures of the channels.
EXPERIMENTAL

Materials
Alm-K18 and alm-Q18 (BAPHDA) dimers were prepared as described previously (Starostin et al., 1999) . Diphytanoyl phosphatidylcholine was purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Decane, KCl, and the buffers BES, CAPS, CAPSO, TRIZMA, and potassium phosphate, were obtained from Sigma Aldrich Canada (Oakville, ON).
Single-channel measurements
Peptides (ϳ0.1 M in methanol) were added to one side (ground potential) of membranes formed from diphytanoyl phosphatidylcholine/decane (50 mg/ml). Polystyrene bilayer chambers with 150-m apertures (Warner Instrument Co.) were used. Currents were measured and voltage was set using an Axopatch 1D patch-clamp amplifier (Axon Instruments) controlled by Synapse (Synergistic Research Systems) software. A CV-4B-0.1/100 switchable headstage was used, with the headstage gain set at 0.1. Data were filtered at 1 kHz, sampled at 5ϫ the filter frequency, stored directly to disk, and analyzed using Synapse and Igor (Wavemetrics, Inc.) software. All measurements were made at 22°C (Ϯ2°C). Salt solutions were connected via agarose/ KCl salt bridges to KCl (1 M) reservoirs containing silver/silver chloride electrodes. All KCl solutions (1.3 or 0.01 M KCl) contained 5 mM buffer. Buffers used were as follows: potassium phosphate (pH ϭ 3.0), BES (pH ϭ 7.0), Tris (pH ϭ 8.0), CAPSO (pH ϭ 9.0, pH ϭ 9.55), and CAPS (pH ϭ 10.3, pH ϭ 10.55, pH ϭ 10.8, pH ϭ 11.1). The desired pH was obtained by the addition of potassium hydroxide or hydrogen chloride to the buffered solution as required.
Single-channel current-voltage (I-V) curves were obtained using the following voltage-clamp protocol: a step from 0 to ϩ200 mV, holding at 200 mV for 100 -700 ms, then a ramp to Ϫ200 mV over the course of 30 -80 ms, followed by a return to 0 mV for several seconds. Capacitative currents obtained when no channels opened were subtracted from currents obtained with a single channel open during the ramp. With ramp times Ն20 ms and the amplifier settings described above, the capacitative transient did not lead to amplifier saturation. This protocol measured the I-V relationship for channels oriented with their N-terminus at the high-salt side of the membrane, because the high-salt (1.3 M KCl) side was always at electrical ground and the N-terminus inserts through the membrane from the side made positive by the applied field (Rink et al., 1994; Woolley et al., 1997) . Figures show several individual ramps (I-V curves) superimposed. The ramps have not been averaged or smoothed (except by the amplifier filter) so that the variability and noise shown in the plots directly represents the experimental variability. The number of ramps (n) superimposed in each case is indicated in the figure legends. Smooth curves are drawn through the points in some cases as a visual aid only. Transitions to closed states occurred toward the ends of the ramps but did not occur synchronously and have been removed for clarity.
Multichannel measurements
Macroscopic I-V measurements were made using the same apparatus as described for single-channel measurements; 1 M KCl solutions with 5 mM buffer (potassium phosphate [pH ϭ 3.0] or BES [pH ϭ 7.0] or CAPS [pH ϭ 11.1]) were present on both sides of the membrane. For each pH, an identical volume (40 L) of a stock solution of the peptide (alm-K18 or alm-Q18) was added to the test side of the membrane. The voltage ramp protocol was simply a linear ramp from 0 to ϩ200 mV over the course of 10 s with holding at 0 mV for 30 s or longer between ramps. Current records from Ն25 voltage ramps were averaged to generate the macroscopic I-V curves shown. Threshold voltages were calculated as the voltage required to generate a conductance of 10 nS. The concentrations of the stock solutions of alm-K18 and alm-Q18 were different so that the threshold voltages of the two peptides are not directly comparable.
Generation of channel models
Alamethicin models were generated by restrained molecular dynamics simulations as described previously You et al., 1996) . These simulations were carried out using Xplor V3.1 (Brunger, 1992) with the Charmm param19 parameter set (Brooks et al., 1983) . Only polar hydrogens were treated explicitly; apolar groups were represented as extended atoms. The analysis was restricted to models containing eight helices (four alm-K18 dimers). Briefly, an in vacuosimulated annealing protocol (Nilges and Brunger, 1993) was used to grow the atoms of a model out from a predefined C␣ template, corresponding to a parallel bundle of alamethicin-K18 helices with C-terminal linkers. Five independent structures were generated at this stage, and each structure was then subjected to five molecular dynamics runs as described in detail in You et al. (1996) . A scale factor (0.4) was applied to polar side chain partial charges to mimic the effect of electrostatic screening by pore water and counterions (see Discussion). This procedure led to an ensemble of 25 structures that were subsequently used in electrostatics calculations. Channel pore radius profiles were calculated using the program HOLE (Smart et al., 1993 .
Electrostatics calculations
All electrostatics calculations were made using UHBD version 5.1 (Davis et al., 1991) (with some local modifications) and partial atomic charges from the Quanta/Charmm22 parameter set. Electrostatics calculations were carried out using the procedure described in detail in Adcock et al. (1998) . The method follows those developed earlier (Bashford and Karplus, 1990; Honig and Nicholls, 1995) and involves numerical solution of the linearized Poisson-Boltzmann equation. The model system consisted of a low dielectric slab of thickness ϳ40 Å, into which an alm-K18 channel structure was inserted. The slab was generated from dummy atoms on a simple cubic lattice with a 2.5-Å spacing. The boundary of the protein and low dielectric slab was defined by the solvent-accessible surface, and the dielectric constant (⑀ prot ) was set at 4, 10, or 20 as noted in the figure legends. Both the dielectric inside the model pore (representing solvent) and the bulk solvent dielectric were set at 78. A Stern radius of 2 Å was used. Ionic strengths are given in the text and figure legends. A value of 10.5 was used for the pK a of an unperturbed lysine residue.
To calculate electrostatic potential profiles for permeating ions, a trajectory through the channel was defined using the program HOLE . Because the channel is relatively wide and straight, this trajectory corresponded roughly to the channel's z axis. The electrostatic energy of a ϩ1e probe charge at successive positions along the pore trajectory was then calculated using the UHBD program. Calculations were performed for each channel structure using ⑀ prot ϭ 10 and I ϭ 100 mM. Mean electrostatic energies over all six structures and the standard deviations are reported for protonation states between 0 and 8. The order of protonation of lysine residues in a structure did not appear to greatly affect the calculated electrostatic potential profiles. Cation/anion current ratios were determined from calculated single-channel I-V curves exactly as described in Woolley et al. (1997) .
RESULTS
Alamethicin K18 dimers form channels via self-assembly (Sansom, 1993b) . As described previously, dimeric peptides form particular conducting structures that occur more frequently than others . These are believed to be helix bundles composed of an even number of helices You et al., 1996) . The particular state chosen for study in the present case is believed to be an octamer, i.e., a bundle of four dimeric peptides (Starostin et al., 1999; You et al., 1996) . This state was chosen because it occurs frequently, has a lifetime sufficient for the measurement of single-channel I-V curves, and has a current large enough to permit accurate measurements of reversal potentials. Other conducting states, e.g., the putative hexamer, have qualitatively similar properties to those reported herein for the octamer. For example, Fig. 1 shows individual I-V curves for three different conducting states formed by alm-K18 at pH 7; each curve crosses the voltage axis at approximately the same point. Thus, changing the number of monomers per pore, within a limited range at least, does not appear to drastically affect cation/anion selectivity. The pH was the same (Ϯ0.02 pH units) on both sides of the FIGURE 1 Single-channel current-voltage (I-V) curves of three different conducting states formed by alm-K18 peptides. Channels opened at ϩ200 mV, whereupon the voltage was ramped to Ϫ200 mV over 30 -80 ms and the current recorded. Channels closed (indicated by an abrupt change in the slope of the I-V curve) before the voltage reached Ϫ200 mV. Capacitive currents recorded when no channels opened were subtracted as described in the Experimental section. The KCl concentration was 1.3 M on the grounded side and 0.01 M on the other side with 5 mM BES, pH 7.0 on each side. Channels are oriented so that the N-terminal side is at ground. Individual examples of each conducting state are shown with a smooth line drawn through the raw data points as a visual aid only. The conducting states, from lowest to highest, are tentatively assigned as the 6-mer, 8-mer, and 10-mer, respectively. Reversal potentials (arrow) are approximately the same for each conducting state. Only the 8-mer state is shown in subsequent figures. membrane. Because the high salt (1.3 M KCl) side of the membrane is at electrical ground, a negative reversal potential ( rev ), indicates a preference for chloride ions over potassium ions; likewise, a positive rev corresponds to cation-selectivity. Permeability ratios (P K ϩ/P Cl Ϫ) can be estimated using Eq. 1 (Lear et al., 1997) : Robinson and Stokes (1968) . In the case of pH 7.0 and pH 3.0, the calculated permeability ratio was P K ϩ/ P Cl Ϫ Х 0.25 (P Cl Ϫ/P K ϩ Х 4). At pH 10.3, the channels were observed to be almost non-selective with P K ϩ/P Cl Ϫ Х 1. At pH 11.1, cation-selectivity is observed with P K ϩ/P Cl Ϫ Х 4. Fig. 3 shows I-V relationships for channels with the native alamethicin sequence (alm-Q18) measured under the same conditions as in Fig. 2 . Because these channels have glutamine at position 18 in the sequence instead of lysine, they are not expected to show pH-dependent selectivity.
Cation/anion selectivity of alm-K18 is pH-dependent
rev is observed to be the same under neutral pH (7.0) and basic pH (11.1) conditions (Fig. 3) . Interestingly, the rev of this channel is the same as that of the alm-K18 dimer channel at pH 11.1 (P K ϩ/P Cl Ϫ Х 4).
States with different cation/anion selectivities are observed at a single pH
The I-V curves shown in Fig. 2 represent those most commonly occurring at a particular pH. Although at pH 7.0 or 11.1 the most prevalent curves accounted for Ͼ90% of the total, at intermediate pH values other families of I-V curves occurred in Ͼ30% of cases. For example, at pH 9.55 three families with rev Х Ϫ15, 0, and 15 mV were observed although the curve with rev Х Ϫ15 mV appeared more often than others (Ͼ50% of the total) ( Fig. 4 A) . Moreover, at pH 9.0, in a few cases we were able to detect transitions between different cation/anion selectivity states during one voltage ramp. Two such transitions are represented in Fig. 4 B. The ramps began along a trajectory typical for a cation-selective channel, crossing the voltage axis at rev ϭ ϩ15 mV. Shortly thereafter, a stepwise current reversal took place; the remainder of the ramp was a trajectory typical of an anion-selective channel with a rev ϭ Ϫ15 mV.
Macroscopic measurements of channel-forming probabilities
Alamethicin channels display a strong voltage-dependence of the macroscopic conductance as a consequence of a voltage-dependent channel formation probability (Latorre and Alvarez, 1981; Woolley and Wallace, 1992) . Effects of voltage on the single-channel conductance of alm-K18 (and of alm-Q18) are minor in comparison. Dimeric forms of the peptide display similar voltage-dependent macroscopic conductance behavior (Marshall and Beusen, 1994; al., in preparation). The influence of different factors on channel formation probability is easiest to quantify in terms of its effect on a threshold voltage ( thr ) defined here as the voltage required to activate a conductance of 10 nS (see Hall et al., 1984; Sansom, 1991) . Changes in pH are not expected to greatly alter thr if they do not alter channel formation probability. Native, monomeric alamethicin shows little pH dependence (Cherry et al., 1972) . Likewise, the observed thr for alm-Q18 dimers shows negligible pH dependence (Fig. 5 B) . With alm-K18 channels, however, there is a pronounced dependence of thr on pH (Fig. 5 A) .
Channel formation by alm-K18 is considerably easier at pH 11 than at pH 7, and easier at pH 7 than at pH 3.
Continuum electrostatics calculations using alm-K18 channel models
Models of octameric alm-K18 bundles were generated as described in the Experimental section. A representative model is shown in Fig. 6 with the lysine residues highlighted [prepared using the program GRASP (Nicholls et al., 1991) ]. Continuum electrostatics methods were then used to calculate the effect of the protein environment on the free energies of ionization of the lysine residues in the models. Calculations were performed on six different alamethicin channel structures taken as representative of an ensemble of 25 structures generated by simulated annealing with molecular dynamics. A total of 48 lysine environments were thus sampled, with several different combinations of values for the dielectric constant of the protein and the ionic strength. The calculations produce an intrinsic pK a (pK a intr) for each lysine residue and interaction energies (G r ) between all possible pairs of protonated lysine residues. The intrinsic pK a reflects the effect of the dielectric environment and the protein partial charge distribution (assuming all other lysine residues are in their electrically neutral state) on the pK a of the residue. The mean pK a intr (designated pK a intr) for each channel model, and the overall mean, are reported in Table 1 . The interaction energy (G r ) between two protonated lysine residues is always repulsive, but the magnitude of G r varies considerably with the proximity of lysine pair. Mean values of G r (designated G r ) for each structure and the overall mean are reported in Table 1 .
Continuum electrostatics methods were also used to calculate potential profiles for cations (and anions) along a trajectory through the pore. Trajectories and pore radius profiles were calculated using the program HOLE (Smart et al., 1993 . The average pore radius profile is shown in Fig. 7 A) . The radius is more variable in the C-terminal region of the channel than in the N-terminal region, largely as a result of the flexibility of the lysine residues at position 18. Electrostatic potential profiles for a cation in the modeled pore are shown in Fig. 7 B as the protonation state is increased from 0 to 8. Profiles for anions have the same magnitudes, but opposite signs. In the uncharged channel there is a barrier for cations at the N-terminus and a potential well toward the C-terminus, as observed previously for alm Q-18 . As the protonation state, and thereby the assumed charge, of the lysine residues is increased, the well at the C-terminal end becomes a barrier. These potential profiles can be used to calculate approximate cation and anion currents as a function of voltage as described previously . Fig. 8 shows calculated cation to anion current ratios as a function of voltage for the different electrostatic potential profiles shown in Fig. 7 B. Experimentally determined permeability ratios (determined from reversal potentials as described above) are shown for comparison.
DISCUSSION
The central experimental finding of this work is that pH affects the cation/anion selectivity of alm-K18 channels, but not of alm-Q18 channels. At low pH values (Ͻ9), alm-K18 forms anion-selective channels, whereas at high pH values, cation-selective channels are found. The effect of pH on selectivity is almost certainly due to its effect on the protonation state(s) of lysine residues in the channel. Moreover, a change in protonation state most likely alters selectivity by changing the electrostatic character, (i.e., the effective charge) of the pore. Although a change in protonation state might also affect the size of the channel and thereby selectivity, channels of a variety of sizes are typically observed to have the same selectivity at a given pH (Fig. 1) . To understand how the electrostatic character of the channel affects cation/anion selectivity we now attempt to relate the pH-dependence of the selectivity (measured experimentally) to the pH dependence of channel charge calculated theoretically.
Protonation/deprotonation is expected to be fast on the time scale of an I-V measurement
The experimental measurement of cation/anion selectivity used here is the value of the reversal potential ( rev ) observed in single-channel I-V curve measurements performed in a KCl gradient. A single-channel I-V measurement (i.e., one ramp) lasts ϳ100 ms. Let us consider how the time scale for protonation/deprotonation of lysine compares to 
Proton transfer in the thermodynamically favorable direction is expected to be diffusion-controlled with a rate constant k ϭ 10 10 M Ϫ1 s Ϫ1 at 25°C and smaller by a factor ⌬pK a in the reverse direction (where ⌬pK a is the difference in the pK a values of the partners exchanging a proton) (Bell, 1973; Eigen, 1964 ). If we take pK a Lys ϭ 10.5 for an unperturbed lysine (and pK a H 2 O ϭ 15.75; pK a H 3 O ϩ ϭ Ϫ1.75 (Bell, 1973, pp. 127, 128) , then the forward and reverse rate constants can be calculated for processes 2 and 3 above: k 1 ϭ 10 10 M Ϫ1 s Ϫ1 , k Ϫ1 ϭ 5.6 ϫ 10 4 M Ϫ1 s Ϫ1 ; k 2 ϭ 5.6 ϫ 10 Ϫ3 M Ϫ1 s Ϫ1 , k Ϫ2 ϭ 10 10 M Ϫ1 s Ϫ1 . The rate constants for process 4 will depend on the nature of the buffer. For CAPS (pK a ϭ 10.4) for example, k 3 and k Ϫ3 are expected to be on the order of 10 8 M Ϫ1 s Ϫ1 (Bell, 1973) . The lifetime of a protonated lysine is simply the reciprocal of the sum of the effective rate constants for the processes causing deprotonation. At pH 10, for example, [H 3 O ϩ ] ϭ 10 Ϫ10 M, [OH Ϫ ] ϭ 10 Ϫ4 M, [H 2 O] ϭ 55 M, and [B] ϭ 2.5 ϫ 10 Ϫ3 M, so that the effective rate constants are 10 6 s Ϫ1 , 0.31 s Ϫ1 , and 2.5 ϫ 10 5 s Ϫ1 for processes 2-4, respectively. The average lifetime of a protonated lysine at pH 10 is thus 1/(10 6 ϩ 0.31 ϩ 2.5 ϫ 10 5 ) ϭ 8 ϫ 10 Ϫ7 s. Similarly, one can estimate lifetimes of ϳ10 s at pH 9 and 100 s at pH 8 in the absence of buffer catalysis and ϳ10 times shorter in its presence. If the effective pK a of the lysine group in question is perturbed by its environment so that is lower or higher than 10.5, the lifetime of the protonated species should still be on the order of 1-10 s at pH 9 -10, because OH Ϫ is the strongest base in the system and the lifetime is primarily set by process 2 above.
Hydrogen bonding could extend these lifetimes significantly. For instance, the rate constant for the reaction of OH Ϫ with (internally H-bonded) N,N-dimethylanthranilic acid (pK a 8.4) is 1000 times slower than for the reaction of OH Ϫ with simple amines (Eigen, 1964) . Thus, conceivably, in a highly hydrogen-bonded environment with little buffer catalysis, the lifetimes of a protonated lysine might approach 1-10 ms at pH 9 -10. Several groups (Kasianowicz and Bezrukov, 1995; Prod'hom et al., 1987; Root and MacKinnon, 1994) have reported single-channel measurements of elementary protonation/deprotonation reactions in a variety of protein ion channel preparations. In favorable cases, at pH values close to neutral and with D 2 O substituting for H 2 O, individual charged states were observed to have maximum lifetimes on the order of 1 ms. Even this lifetime is significantly shorter than the Ͼ100 ms required for an I-V measurement in the present case.
In the absence of any compelling evidence to the contrary then, we assume for the following discussion that the rate of protonation/deprotonation of lysine residues in the alm-K18 channel is fast on the time scale of an I-V measurement. Furthermore, let us assume that side-chain motion is rapid on the time scale of an I-V curve measurement, as expected from molecular dynamics simulations (Tieleman et al., 1999a,b) . As lysine side chains move in the channel their pK a values will change and protonation/deprotonation events will occur. Making this assumption, individual lysine side chains are indistinguishable and what matters, from the point of view of channel selectivity, is the average charge on the ensemble of (eight) lysines. This charge, constant on the time scale of an I-V curve measurement, will depend on the pH of the solution and the effective pK a values of the residues.
Note that if one assumes protonation/deprotonation is fast on the time scale of an I-V measurement, then it follows that the protonation state being observed is an equilibrium one. That is, one cannot argue that transiently occurring uncharged or partially charged helix bundles (that are part of an equilibrium distribution) are the only channels observed.
Calculation of effective pK a values from the channel models
In an effort to gain further insight into the protonation behavior of the alm-K18 channel, we applied continuum electrostatic methods to calculate pK a values. To calculate the effective pK a values of the lysine residues in the channel, three factors need to be considered: 1) the effect of the local dielectric environment and the (non-titratable) protein charge distribution, which determines the intrinsic pK a of a lysine residue in the channel; 2) statistical effects arising from the presence of multiple indistinguishable sites; and 3) the effect of electrostatic interactions between protonated lysine residues.
The calculation of intrinsic pK a values (pK a intr) was described above and calculated average values are collected in Table 1 . Because lysine residues are sampling many environments on the time scale of an I-V measurement, and the residues are indistinguishable, each lysine in the channel is assigned the same pK a intr, equal to the average value, i.e., pK a intr. To address statistical effects (factor 2 above), we can define a series of pK a values that distinguish channels with different numbers of protons; for a channel with eight lysines we have:
pK a 2 ϭ Ϫlog͑K a 2͒ where K a 2 ϭ ͓C 1ϩ ͔͓H ϩ ͔/͓C 2ϩ ͔, (6) · · · · · · pK a 8 ϭ Ϫlog͑K a 8͒ where K a 8 ϭ ͓C 7ϩ ͔͓H ϩ ͔/͓C 8ϩ ͔, (12) and C 0 refers to uncharged channels, C 1ϩ to channels with one protonated lysine (at any site), etc. In general, there are ⍀ i distinct ways to put i protons on eight sites (Cantor and Schimmel, 1980) where:
As a result, the pK a values (pK a 1-pK a 8) will differ from the intrinsic pK a intr so that: (14) Finally, electrostatic repulsion between charged lysine residues would be expected to lower the pK a values further. To estimate the magnitude of this effect we used the UHBD program to calculate the average electrostatic interaction (G r ) between a pair of protonated lysine residues in the six different channel models. Let us assume that interaction energies are additive; that is, if a third proton joins a channel with two protonated lysines, two new repulsive interactions are generated. One can thus write (Cantor and Schimmel, 1980) :
Calculated values of pK a (pK a 1-pK a 8) with various combinations of pK a intr and G r are compiled in Table 2 . pK a values of several macrocyclic polyammonium compounds measured by direct potentiometric titration are collected in Table 3 . The calculated effective pK a values can be used with Eqs. 5-12 to calculate the relative concentrations of each of the different protonated channel species and the average total charge on lysine residues in a channel as a function of pH. This charge can be taken to reflect the instantaneous average charge over a large number of channels or the time-average charge on one channel.
Comparison of calculations with experiment
Because the observed single-channel selectivity of alm-K18 at pH 11.1 is similar to that of alm-Q18, which is formally uncharged, it is unlikely that alm-K18 bears significant positive charge at pH 11.1. Thus, the single-channel selectivity measurements suggest that no pK a of the channel is higher than ϳ11. The highest pK a values (pK a 1) for the macrocyclic model compounds (Table 3) are ϳ10.5 unless there is a vicinal oxygen atom in the structure, in which case the maximum pK a is lower [viz. ethylamine (pK a ϭ 10.64) vs. ethanolamine (pK a ϭ 9.5) (Weast and Astle, 1981) ]. The highest pK a (i.e., pK a 1) depends primarily on the value of pK a intr, not on G r . Values calculated for pK a 1 in the alamethicin models are all higher than 11. The accuracy of the calculated values for pK a intr depend, of course, on the degree to which the model structures reflect the actual structures and the appropriateness of the continuum dielectric representation of the electrostatics. The pK a intr of an unperturbed lysine residue is 10.5. A higher pK a implies that the local protein environment stabilizes the positively charged form of lysine. In the present case, the effect is presumably due to a favorable interaction of the positive charge with the C-terminal end of the alamethicin helix dipoles. Helix dipoles have been shown experimentally (Huyghues-Despointes et al., 1993) and theoretically (Adcock et al., 1998; Sitkoff et al., 1994) to have strong effects on the pK a values of attached residues. An overestimate for pK a intr may be a consequence of side-chain mobility, as has been suggested by others (Antosiewicz et al., 1994; Honig et al., 1993; van Vlijmen et al., 1998) , although the aver- Units of G r are kcal/mol.
TABLE 3 Experimentally Determined pK a Values for Model Compounds
Structure pK a 1 p K a 2 p K a 3 p K a 4 p K a 5 p K a 6 p K a 7 p K a 8 aging of the calculated pK a intr over many side-chain conformations might have been expected to correct for this deficiency. Alternatively, the electrostatic consequences of a partially ordered water structure in the pore, which would reduce the helix dipole by introducing an opposing channel water dipole , may need to be considered in the pK a intr calculation. The value of the lowest pK a depends on the intrinsic pK a , the size of the interaction energy, and the number of titratable sites. The difference between the highest and lowest pK a values, however, depends primarily on the interaction energy (G r ) between sites. Each of the macrocyclic model compounds listed in Table 3 exhibits a difference of between 3-4 pH units between the highest and lowest pK a values. Interaction energies calculated for the alamethicin model channels vary from ϳ0.25 to 0.6 kcal/mol, depending on the choice of ⑀ prot and I. A value in the middle of this range, e.g., 0.4 kcal/mol, also predicts a pK a range of 3-4 pH units (see Table 2 , bottom row). The model compounds are somewhat smaller than the alamethicin bundle so that distances between protonated sites would be lower, and interaction energies higher than in the channel. However, the partially hydrophobic environment of the lysine residues in the channel, as compared to the model compounds, would tend to raise the value of G r in the channel. A difference of 3-4 pH units between the highest and lowest pK a values in the alm-K18 channel would be broadly consistent with pK a ranges measured by direct potentiometric titration of model compounds.
The observation that the single-channel selectivity does not change as the pH is lowered below 7.0 (Fig. 2) is also consistent with no pK a in the channel being below 7.0. The macroscopic current measurements shown in Fig. 5 indicate that the voltage required to obtain given current with alm-K18 increases as the pH is lowered from pH 11 to pH 7 and from pH 7 to pH 3. The observed current is believed to reflect primarily channel formation probability (Sansom, 1993b) which requires membrane insertion and aggregation of alm-K18 peptides (Cafiso, 1994; Sansom, 1993b; Woolley and Wallace, 1992) . It is reasonable to expect that as the degree of protonation of the lysine residues increases, electrostatic repulsion hinders the channel formation process. Because the threshold voltage increases as the pH is lowered from pH 7 to pH 3, one would conclude that some lysine residues have pK a values below pH 7. However, an alm-K18 aggregate (e.g., a tetramer) involved in macroscopic current generation may be responsible for this pK a , not necessarily the putative octameric state under study in the single-channel experiments.
Origin of states with different cation/anion selectivities at a single pH
It remains to explain the origin of the different selectivities observed in single-channel I-V measurements at pH values between 8.5 and 10. Inasmuch as these different selectivities interconvert only rarely over the time course of an I-V measurement (Fig. 4) , they must reflect states with intrinsic lifetimes Ͼ100 ms or so. This time scale is significantly longer than that expected for an elementary protonation or deprotonation event, as discussed above.
Because the states have different selectivities, it is likely they have different effective charges and different degrees of protonation. If protonation is fast, then different degrees of protonation must result from changes in effective pK a values on the 100-ms time scale (or slower). Such changes could presumably arise from conformational fluctuations in the alm-K18 helix bundle. Different helix packing arrangements are seen in octamer bundles generated using simulated annealing with molecular dynamics; perhaps some of these interconvert slowly. Different conformers would have slightly different pK a intr and G r values (see Table 1 ) and therefore different effective pK a values. Alm-K18 helix bundles with slightly different effective pK a values will differ most in their effective charges in the mid-range of their titration curves, i.e., between 8.5 and 10.
Protonation state, effective charge and cation/ anion selectivity
If a particular charge state is assumed, one can use the UHBD program to calculate an electrostatic potential energy profile for a cation or anion as it moves through the pore. Because the calculation is approximate and cannot rigorously deal with a salt concentration gradient, intermediate values of ⑀ prot and I were assumed. These profiles (Fig.  7 B) were combined with a linear applied voltage term to approximate the voltage as a function of position in the channel. This description was then used with the Nernst-Planck equation to predict I-V curves as described previously . Although approximate, this calculation gives an estimate of the relative current carried by cations and anions as the electrostatic profile of the channel is changed (Dieckmann et al., 1999; Woolley et al., 1997) . Because the average lifetime of the protonated state of a lysine residue in the channel (with a pKa between 7 and 12, see above) is likely to be longer than the average residence time of an ion in the channel (1-100 ns), increases in the charge state were simulated by fully protonating individual lysines in the bundle. Thus, a charge state of two means that two lysines have one full charge each, not that each lysine of the eight has 0.25 charge. Fig. 8 shows cation/anion current ratios calculated in this manner. A net channel charge of zero reproduces reasonably well the cation/anion selectivity determined from reversal potential measurements for alm-K18 at high pH and for alm-Q18 at all pH values. As the charge state of the channel increases, the calculation correctly predicts a switch in selectivity from cationic to anionic. An effective charge of ϳ3ϩ to 4ϩ reproduces the observed cation/anion selectiv-ity of the alm-K18 channel at pH 7 and below. If eight charges are placed in the channel, however, extreme anionselectivity is predicted. In a preliminary report of this work (Starostin et al., 1999) , we concluded that at pH 7.0, the effective charge on the channel is approximately four. However, the arguments presented above lead one to the conclusion that the channel is in fact fully protonated at pH 7.0. Thus, it would appear that the electrostatic calculation overestimates the effective charge sensed by a permeant cation if positive charges are simply added to lysines in the structure. The size of this disagreement indicates that either the modeled structure is inappropriate or that the calculations fail to capture some important aspect of the permeation process, or both. Because the modeled structure appears sufficient to explain the properties of native alamethicin channels and the titration behavior of alm-K18, let us consider possible deficiencies in the continuum electrostatic description of permeation.
One possible cause of the overestimation of selectivity is that the lysine conformations in the models do not adequately reflect the experimental situation even though a variety of lysine conformations are sampled through averaging of the electrostatic energy profiles (van Vlijmen et al., 1998) . Models were generated in vacuo assuming a partial charge of 0.4 for the lysine side chains. However, the average lysine side-chain conformation may in fact change as the degree of protonation increases. We are currently investigating the effect of protonation state on lysine side-chain conformations using all-atom molecular dynamics simulations.
Another possibility is that permeating ions may perturb the conformational states of the lysine side chains. The flexibility of these side chains is such that the position of the charged amino groups may change appreciably on the time scale of permeation. Likewise, the positions of the lysines may alter the path of a permeant ion so that the trajectory calculated using the HOLE program is inappropriate. The trajectory favored by anions may be different from that of cations. It is also conceivable that a permeating cation could approach a side chain so closely as to cause a dramatic alteration in the side-chain pKa and trigger a deprotonation event. Such an effect is difficult to reproduce in a continuum theory, but might be expected to increase P K ϩ/P Cl Ϫ in the protonated channel. The relative importance of such a process may be addressed by constructing alm-K18 channels in which the lysine side-chain amino groups are replaced by non-ionizable quaternary ammonium groups.
A final possible cause of an overestimation of the selectivity is that the ring of lysine residues, when protonated, might bind a counterion (e.g., Cl Ϫ ) tightly. If a counterion binds as a consequence of a protonation event, the effective charge of the channel has not increased. Thus, there may be a disconnection between titration (protonation) and increasing effective charge, particularly in the lower pH range where most of the lysines are protonated. Molecular dynam-ics simulations at different effective ionic strengths may help address this issue (Pfeiffer et al., 1999) .
If counterion binding to charged side chains is indeed significant, it may set an inherent limit on the degree of cation/anion selectivity obtainable via a simple electrostatic mechanism, at least in a relatively wide channel. In a wide channel, either K ϩ or Cl Ϫ could simply bypass a lysinecounterion pair. This suggestion recalls that proposed by Borisova et al. (1986) to explain cation/anion selectivity properties of channels formed by amphotericin B. A role for bound counterions has also been proposed by Franciolini and Nonner (1987) in describing permeation through a neuronal anion channel. Perhaps higher degrees of anionselectivity require a channel to control the path of ions so that permeation requires displacement of a lysine-counterion (or some other side chain-anion pair).
The preceding discussion has highlighted several possible features of permeation that would be overlooked with the continuum electrostatic approach as it is used here. The analysis is useful in so far as it provides a list of features that may be important as a focus for further study. It is hoped that an all-atom molecular dynamics treatment, currently in progress, might enable a better description of the electrostatics of permeation in the alm-K18 channel.
